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ABSTRACT 22 
Many studies ask how aluminum (Al) reduces the root growth, but as Al is mostly retained in the 23 
root system, the physiological explanations for the also expected Al-induced decrease in stomatal 24 
conductance (gs) are unclear, mainly in well-watered conditions. We exposed tomato plants 25 
(Solanum lycopersicum) to 0, 25, 50 and 100 M Al in nutrient solution to investigate whether Al 26 
impairs root hydraulic conductance (Lpr), affecting leaf water potential (leaf) and possibly 27 
inducing abscisic acid (ABA) accumulation in roots and/or leaves. We also measured ABA 28 
delivery rate, xylem sap pH and the root/leaf area ratio in order to explain the low gs in plants 29 
exposed to Al. Declines in Lpr and gs were proportional to the increase in Al concentration, and all 30 
Al treatments similarly decreased leaf, indicating the plant’s attempt to maintain leaf water status 31 
while accumulating more ABA. Despite Al-induced increases in root ABA, the root-to-shoot 32 
delivery of ABA did not enhance, but Al caused root xylem sap alkalization. Despite the stability 33 
of root/leaf area ratio across a range of Al concentrations (0, 25 and 50 M Al), the leaf hydration 34 
and stomatal opening was not conserved. Here we provide the first evidence that decreases in Lpr 35 
and increases in ABA might explain Al-induced stomatal closure. 36 
 37 


















1. Introduction 55 
Aluminum (Al) is the third most abundant element in the Earth’s crust, and its most 56 
phytotoxic form [Al(H2O)
3+], or Al3+, occurs in acidic soils (pH < 5.0) (Kochian et al., 2015), 57 
which accounts for approximately 30% of the world’s ice-free land (von Uexküll & Mutert 1995). 58 
Therefore, the binomial “acidic soils” and “phytotoxic Al” are worldwide challenges that limit 59 
crop yields (Maron et al., 2008) by 25 to 80% depending upon the Al sensitivity of the species 60 
(Sade et al., 2016).    61 
The first marked and direct symptom of Al toxicity is the rapid inhibition of root growth 62 
(Delhaize & Ryan 1995; Kopittke et al, 2008; Horst et al, 2010), resulting in low root surface area 63 
and biomass, limiting water and nutrient uptake (Kochian et al. 2004). Thus, a linear and simple 64 
cause-and-effect hypothesis has been sustained in the literature: less developed roots exploring 65 
low soil volume leading to low water uptake and, consequently, low leaf hydration. For instance, 66 
plants exposed to Al show low relative leaf water content (RWC) and leaf water potential (leaf) 67 
(Silva et al., 2012; Silva et al., 2018; Siecińska et al., 2019), which is usually associated with low 68 
leaf area and biomass (George et al., 2012; Yang et al., 2013). These reductions in the growth of 69 
above- and belowground organs of plants exposed to Al would, in principle, maintain the root/leaf 70 
area ratio, but this parameter is not frequently measured in Al toxicity studies. Among the plethora 71 
of physiological responses that enable plants to respond to changes in water availability, stomata 72 
retain a very important role in regulating leaf-level water loss to the atmosphere, thus impacting 73 
whole-plant water balance (Sperry et al., 2017; Huber et al., 2019). Actually, Al exposure 74 
decreases stomatal conductance (gs) in Solanum lycopersicum (Simon et al., 1994b), Coffea 75 
arabica L. (Konrad et al., 2005), Secale cereale (Silva et al., 2012), Theobroma cacao (Ribeiro et 76 
al., 2013), Zea mays L. (Anjum et al., 2016) and Citrus limonia (Banhos et al., 2016; Silva et al., 77 
2018). However, the mechanisms explaining how Al leads to stomatal closure remain largely 78 
unknown.  79 
Most studies that reported reduced root and shoot growth and low gs were performed using 80 
plants growing directly in nutrient solution where water is constantly available (Simon et al., 81 
1994b; Konrad et al., 2005; Silva et al., 2012; Ribeiro et al., 2013; Banhos et al., 2016; Silva et al., 82 
2018). Besides root growth inhibition, plants exposed to Al may have impaired water uptake and 83 
transport to the shoots. For instance, fibrous xylem vessels were observed in C. limonia grown in 84 
nutrient solution with Al and showing low leaf and gs (Banhos et al., 2016). Al causes more lignin 85 
deposition (Silva et al., 2019) and structural damage in the vascular cylinder (Batista et al., 2013). 86 
Another factor that could regulate water transport is the abundance of aquaporins (Javot & Maurel, 87 
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2002). Actually, low aquaporin (PIP family) gene expression was observed in rye (Milla et al. 88 
2002), Arabidopsis (Shen et al., 2008) and C. limonia (Cavalheiro et al., 2020) exposed to Al. 89 
These results suggest that Al could also reduce root hydraulic conductance (Lpr), a trait that 90 
determines root water transport capacity. Lpr was decreased by Al in maize plants (Gunsé et al., 91 
1997), although these authors did not measure gs, nor associated both variables. 92 
Besides plant hydraulics, root-to-shoot chemical signaling could also explain the low gs in 93 
plants exposed to Al in nutrient solution (Dodd, 2005). Abscisic acid (ABA) is synthesized in 94 
response to multiple abiotic stresses that alter tissue water status (Zhang et al. 2006) and acts as a 95 
long-distance signal from roots to shoots (via xylem), where it restricts transpiration by decreasing 96 
gs (Schachtman & Goodger 2008; Shabala et al. 2016). Few studies have considered ABA 97 
signaling under Al toxicity. Soybean roots that accumulated ABA when exposed to Al were more 98 
Al tolerant, as they exuded organic acids (OAs), forming non-toxic Al-OA complexes in the 99 
rhizosphere thereby avoiding excessive Al uptake (Shen et al., 2004). Al increased ABA 100 
accumulation in both roots and leaves of soybean and accelerated ABA transport from the roots, 101 
suggesting ABA may regulate Al resistance in soybean plants, even though gs was not measured 102 
(Hou et al., 2010). Independent of changes in tissue ABA concentration, xylem sap pH can induce 103 
stomatal closure by affecting the compartmentation of root-sourced ABA in the leaves, with 104 
alkalization causing apoplastic ABA accumulation and stomatal closure (Wilkinson and Davies 105 
1997). However, no studies have assessed whether Al-induced ABA accumulation can decrease 106 
gs, either due to root-to-shoot signaling (xylem ABA or pH) or local ABA synthesis in the leaf. 107 
The present study evaluated whether low Lpr and leaf (hydraulic mechanisms) and high 108 
ABA biosynthesis (chemical mechanisms) regulates stomatal conductance and leaf growth of 109 
tomato plants (Solanum lycopersicum Mill.) exposed to increasing Al concentrations in nutrient 110 
solution for 10 days.  111 
 112 
2. Material and methods 113 
2.1. Plant material and experimental conditions 114 
 Forty tomato plants (Solanum lycopersicum Mill.) (Solanaceae) cv. ‘Ailsa Craig’ were 115 
used. Seeds were germinated in seedling trays filled with rockwool cubes (2.5 x 2.5 x 4.0 cm) that 116 
were irrigated with a nutrient solution at ½ strength and pH 5.5 ± 0.2. After three weeks growing 117 
in a glasshouse under semi-controlled conditions (500 ± 50 mol photons m-2 s-1; approximately 118 
14 h photoperiod; average air temperature  26C), plants with three leaves were transferred to 119 
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opaque plastic boxes (37 x 26 x 16 cm; 15 L) containing the nutrient solution with the Al 120 
treatments. 121 
   The nutrient solution was based on Clark’s solution (Clark, 1975), which was previously 122 
used to test Al toxicity (Villa et al., 2009; Silva et al. 2018; 2019). It consisted of 1372.8 M 123 
Ca(NO3)2 4 H2O, 507 M NH4NO3, 224.4 M KCl, 227.2 M K2SO4, 218.6 M KNO3, 483.2 124 
M Mg(NO3)2 6H2O, 12.9 M KH2PO4, 26.01 M FeSO4 7H2O, 23.8 M NaEDTA, 3.5 M 125 
MnCl2 4H2O, 9.9 M H3BO3, 0.9 M ZnSO4 7 H2O, 0.2 M CuSO4 5H2O, 0.4 μM NaMoO2 2 126 
H2O. This solution shows high pH stability as plants absorb water and nutrients over time. In 127 
addition, it has a low phosphorus concentration compared to Hoaglands’ solution, which reduces 128 
the chance of precipitation of Al as AlPO4
-. The nutrient solution was completely changed every 3 129 
days, and its pH (4.0 ± 0.1) was adjusted every day in order to keep the Al as soluble as possible. 130 
Besides macro and micronutrients, the solution contained 0, 25, 50 and 100 µM Al provided 131 
through AlCl3 6 H2O. These Al concentrations were based on previous studies showing Al toxicity 132 
symptoms in tomato plants (Simon et al., 1994a,b; Zhou et al., 2009; He et al., 2019).  133 
 The lids of the boxes containing the nutrient solution had 5 holes of 2.5 cm in diameter, 134 
and the plants growing on the rockwool cubes were fixed in these holes. Two boxes were used for 135 
each treatment. The boxes were maintained on benches, inside the glasshouse, with the same 136 
conditions as previously described.  137 
 138 
2.2. Experimental design 139 
 Plants exposed to 0, 25, 50 and 100 µM Al were cultivated in nutrient solution for 10 days 140 
to assess the effect of Al on water relations parameters. Non-destructive traits such as leaf length, 141 
main root length, whole-plant transpiration (Eplant), CO2 assimilation rate (A) and stomatal 142 
conductance (gs) were measured in ten replicates exposed to the four Al treatments at 0, 1, 3, 5, 7 143 
and 10 days after treatment (DAT). At the end of the experiment (10 DAT), five plants were used 144 
to measure leaf water potential, biometric parameters in leaves (number, area and biomass) and 145 
roots (total length, surface area, diameter and biomass), and leaf and root Al concentrations. 146 
Another five plants were used to measure pressure-induced sap flow rates, root hydraulic 147 
conductance (Lpr), xylem sap pH, abscisic acid (ABA) concentration in roots, xylem sap and 148 
leaves. The values presented are a mean of two repeated experiments. 149 
 150 
2.3. Analysis 151 
2.3.1. Whole-plant transpiration (Eplant) 152 
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Plants were transferred to individual 0.9-L cylindrical plastic pots (6.9 cm in diameter, 24 153 
cm in height) designed to fit in the pressure chamber (Model 3000F01; Soil Moisture Equipment 154 
Corp., USA). The tubes contained the same nutrient solution described above, with the plants 155 
fixed with 2-cm thick foam to prevent evaporation. The plants acclimatized for 1 h in the pot 156 
(9:00-10:00). Then, the pot was weighed on a 0.01g precision scale (Adventurer Pro AV4102; 157 
Ohaus, Thetford, UK). One hour later (11:00), the pot was weighed again and the whole-plant 158 
water uptake was calculated by the difference between the initial and final pot weights. 159 
Evaporation was assessed by determining the water loss from a pot (without a plant) and ignored 160 
as negligible (<3% of the water loss of pots containing a plant). Eplant was obtained as the ratio 161 
between water uptake and time (mg H2O s
-1) (Puértolas et al., 2015). 162 
 163 
2.3.2. Stomatal conductance (gs) and CO2 assimilation rate (A) 164 
Stomatal conductance and CO2 assimilation rate were measured between 9:00h and 11:30h 165 
on the middle leaflet of a fully expanded leaf (third or fourth leaf from the top of the plant) using 166 
an infrared gas analyzer (6400xt LI-COR, Lincoln, NE, USA). Conditions in the leaf cuvette (2 167 
cm2) were set to approximately match the environmental conditions in the glasshouse: CO2 at 168 
ambient concentration (400 mol mol-1) using the 6400-01 CO2 mixer (LI-COR, USA), 500 μmol 169 
m−2 s−1 of photosynthetic photon flux density (PPFD) using the 6400-02B LED light source, 170 
which provides 90% red and 10% blue spectra (LI-COR, USA). The air temperature of leaf 171 
cuvette was of 25°C, and relative humidity maintained at 50–60%. 172 
 173 
2.3.3. Leaf water potential (leaf) 174 
Leaf water potential was measured between 11:00h and 14:00h on the same leaf gas 175 
exchange rates were measured, using a pressure chamber (Model 3000F01 Plant Water Status 176 
Console; Soil Moisture Equipment Corp., USA). Detached leaves were immediately put in a 177 
plastic bag with a moisturized paper and directly taken to the laboratory, where these were placed 178 
in the pressure chamber within 60 s of excision. Once in the chamber, pressure was raised at a rate 179 
of 0.02 MPa s−1, and Ψleaf was recorded (MPa) when xylem sap emerged on the cut surface. 180 
 181 
2.3.4. Root hydraulic conductance (Lpr)  182 
Root hydraulic conductance was measured using the method of pressure-induced sap flow 183 
from roots (Jackson et al., 1996; Dodd & Diatloff, 2016). After the plant was inserted into the 184 
pressure chamber with their roots in nutrient solution as described for measuring Eplant, the shoot 185 
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was removed, and a series of overpressures (from 0.1 MPa to 0.4 MPa at 0.1 MPa increments) 186 
were applied so that the sap flow rate was determined at each pressure. The sap collection on the 187 
cut surface was done every 30 seconds with the aid of small portions of absorbent paper inside a 188 
microtube, whose dry mass was previously known. After collecting the sap, the mass of the wet 189 
absorbent paper was immediately measured on an analytical scale. Root hydraulic conductance 190 
quantifies the root permeability to the flow of water by applying increasing pneumatic pressures to 191 
the root zone. The slope of the linear regression representing the relationship between exuded flow 192 
rate (J) (in mg s–1) and applied pressures resulted in Lpr. 193 
 194 
2.3.5. Xylem sap pH 195 
Following measurement of Lpr, the overpressures (0.1–0.4 MPa) that induced the sap flow 196 
rate closest to that previously measured gravimetrically were applied to collect xylem sap (Else et 197 
al., 2006). Sap samples were collected in previously weighed 1.5 mL vials, frozen in liquid 198 
nitrogen (N2) and stored at –18°C. When the sample was defrosted, the sap pH was measured with 199 
a microelectrode (Lazar Research Laboratories, Los Angeles, CA, USA) before measuring root 200 
xylem sap ABA concentration ([X-ABA]root).  201 
 202 
2.3.6. ABA quantification by radioimmunoassay 203 
One leaflet (from the same leaf used for measuring gs) and root (four root tips with 10 mm 204 
in length) samples ( 5-10 mg DW) were frozen in liquid nitrogen and stored at –18 °C. Leaf 205 
samples were collected before shoot removal to measure Lpr, while root samples were collected 206 
after Lpr assessment to avoid damaging the root apices prior to Lpr analyses. The elapsed time 207 
between excision and freezing did not exceed 20s. Leaf and root samples were freeze-dried and 208 
then ground into powder. Dry leaf and root tissues were mixed with deionized water (extraction 209 
ratio 1:30; dry sample(g):water(g)) and then shaken at 4°C overnight to extract ABA. The extracts 210 
were centrifuged at 15,000 rpm for 5 min, and the supernatant was directly used for ABA assay. 211 
ABA concentration in the leaf ([ABA]leaf), root ([ABA]root), and root xylem sap ([X-ABA]root) was 212 
measured by radioimmunoassay method, using the monoclonal antibody AFRC MAC 252 213 
(Quarrie et al. 1988). While [ABA]leaf and  [ABA]root were measured in the aqueous extract, the [X-214 
ABA]root was measured directly in sap samples. [X-ABA]root was determined in the sample with 215 
the closest sap flow rate to Eplant. 216 
 217 
2.3.7. Biometric parameters 218 
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Immediately before applying Al treatments, the smallest leaf of each plant was marked, 219 
and its length, as well as its terminal leaflet length were measured with a ruler (cm) at 0, 1, 3, 5, 7 220 
and 10 DAT. The main root length (from the plant collar to the root tip) was also measured with a 221 
ruler (cm) at the same evaluation dates.  222 
At 10 DAT, total root length, root surface area and root diameter were measured using a 223 
scanner (Epson perfection v700 photo, Suwa, Japan), which was coupled to a computer running 224 
the WinRHIZOTM software (Regent Instruments, Canada). The number of leaves (considering 225 
only those at least 15 mm in length) was counted, and the leaf area (LA, cm2) was measured with 226 
an area meter (LI-3100C, LI-COR, USA). Plants were separated into leaves and roots and oven-227 
dried at 60C until constant mass. The biomass (g) of organs was measured on a 0.01g precision 228 
scale (Adventurer Pro AV4102; Ohaus, Thetford, UK).  229 
 230 
2.3.8. Aluminum quantification  231 
Al quantification was performed according to Havlin & Soltanpour (1980). Root samples 232 
were washed thrice in deionized water to avoid excess Al from the nutrient solution. Each sample 233 
was digested with nitric acid, fortified with Al standards and analyzed using an inductively 234 
coupled plasma optical emission spectrometry (ICP-OES).  235 
 236 
2.3.9. Data analysis  237 
The data were submitted to one-way analysis of variance (ANOVA), and mean values 238 
were compared, separately for each DAT, between Al treatments by LSD (least significant 239 
difference) at 0.05 confidence level using Tukey’s test (P < 0.05). In addition, a Pearson 240 
correlation analysis was performed between individual values of gs and [ABA]leaf, leaf, xylem sap 241 
pH, Lpr and A obtained from plants exposed to Al. 242 
 243 
3. Results 244 
3.1 Biometric parameters 245 
Aluminum decreased leaf length (Fig. 1a) and terminal leaflet length (Fig. 1c) from 5 DAT 246 
in a concentration-dependent manner. All treatments had significantly diverged by 10 DAT for the 247 
entire leaf and 7 DAT for the terminal leaflet. Compared to control plants, at 10 DAT, the 100 µM 248 
Al treatment decreased entire leaf and terminal leaflet by 55 and 48% respectively. Thus, Al 249 
treatment decreased both petiole and leaflet expansion similarly. 250 
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At 10 DAT, leaf number, leaf area and leaf biomass decreased with increasing Al 251 
concentration (Table 1; Fig. 1b). For all these variables, the effects of 50 and 100 M Al were 252 
statistically indistinguishable, with plants exposed to 25 µM Al showing intermediate values 253 
between control and higher Al concentrations (Table 1). Compared to control plants, the 100 µM 254 
Al treatment decreased leaf number (-33%), leaf area (-82%) and leaf biomass (-64%) (Table 1). 255 
Thus, Al decreased leaf initiation, expansion and biomass accumulation.  256 
 Within 1 day, all Al treatments limited the main root length (Fig. 1e). Thereafter, roots 257 
exposed to 100 M Al almost ceased growing (0.2 cm day-1), while the 25 and 50 M Al 258 
treatments maintained slower linear growth rates (1.9 and 0.85 cm day-1, respectively) than the 259 
control (3.8 cm day-1) for the rest of the experiment. Main root length of the control and 25 M Al 260 
treatments diverged at 5 DAT, as did the 25 M and higher Al treatments, while the 50 and 100 261 
M Al treatments diverged at 7 DAT. After 10 DAT, the 25, 50 and 100 M Al treatments 262 
decreased main root length by 42%, 71% and 85%, respectively, as compared to the control plants 263 
(Fig. 1e). Thus, increasing nutrient solution Al concentrations proportionally decreased root 264 
elongation (Fig. 1d). 265 
At 10 DAT, all Al concentrations significantly increased root diameter by 36% compared 266 
to control plants, with no differences between Al concentrations (Table 1). In addition, increasing 267 
Al concentration significantly decreased root surface area and root biomass in a concentration-268 
dependent manner (Table 1). Compared to control plants, the 100 µM Al treatment decreased total 269 
root length, root surface area and root biomass by 94, 92 and 83%, respectively (Table 1). 270 
Moreover, all Al concentrations significantly increased root diameter by 36% compared to control 271 
plants, with no differences between Al concentrations (Table 1). Thus, Al rapidly inhibited root 272 
growth, but caused root thickening. 273 
As Al concentrations in the root environment increased, the leaf area and the root surface 274 
area decreased proportionally (Table 1), so that plants exposed to 0, 25 and 50 M Al showed 275 
similar root/leaf area ratio; in contrast, those exposed to 100 M Al showed lower root/leaf area 276 
ratio (Fig. 1f). Therefore, inhibition of leaf area expansion compensated for the decrease in root 277 
area only up to 50 M Al. 278 
 279 
3.2 Water relations 280 
Aluminum induced stomatal closure in plants treated with 50 and 100 M Al from 3 DAT, 281 
and from 5 DAT to the end of the experiment in all Al treatments (Fig. 2a). Compared to the 282 
control plants, at 10 DAT, the 25, 50 and 100 M treatments decreased gs by 30, 53 and 62%, 283 
 10 
respectively (Fig. 2a). Thus, stomatal closure was detected immediately after root growth 284 
inhibition (compare Fig. 1e x Fig. 2a) and earlier (by two days) than leaf growth inhibition 285 
(compare Fig. 1a and 1c x 2a). At 10 DAT, CO2 assimilation rate (A) decreased with increasing Al 286 
concentration (Fig. 2b). Compared to the control plants, at 10 DAT, the 25, 50 and 100 M 287 
treatments reduced A by 27, 40 and 53% respectively (Fig. 2b). Thus, the decrease in gs might 288 
explain the reductions observed in A. As expected, gs showed inversely proportional correlation 289 
with [ABA]leaf, leaf and xylem sap pH, while exhibiting a direct proportional correlation with Lpr 290 
and A (Table 2). 291 
Increasing the pneumatic pressure applied to de-topped root systems linearly increased sap 292 
flow rates in all Al treatments, but the slopes of the curves were lower as Al concentration was 293 
raised in the nutrient solution (Fig. 3a). Al reduced Lpr of plants exposed to 25 (-25%), 50 (-60%) 294 
and 100 (-70%) M Al, when compared to 0 M Al (Fig. 3b). Thus Al-induced decreases in 295 
whole plant transpiration were correlated with the decrease in Lpr. 296 
All Al treatments reduced leaf by 0.3 MPa (-40%) compared to control plants, with no 297 
differences between the Al treatments (Fig. 4a). Root xylem sap pH increased 0.5, 0.6 and 0.7 298 
units in plants treated with 25, 50 and 100 M Al, respectively, when compared to the control 299 
plants (Fig. 4b). 300 
 301 
3.3 ABA and plant signaling  302 
In general, Al treatments increased tissue ABA concentrations in a concentration-303 
dependent manner (Fig. 5a, b). Leaf ABA concentrations (Fig. 5a) were more than 10 times higher 304 
than root ABA concentrations (Fig. 5b), with significant differences between Al treatments for 305 
both organs.  306 
Increasing the Al concentration in the nutrient solution significantly decreased Eplant 307 
measured at 10 DAT (Fig. 6a), being 13, 42 and 68% lower in plants treated with 25, 50 and 100 308 
M Al respectively, in relation to control plants. Root xylem sap ABA concentrations were 309 
indistinguishable between control (0) and 25 M Al treatments, and between the 50 and 100 M 310 
Al treatments (Fig. 6b). This parameter was 35% higher in the latter two treatments when 311 
compared to the former. ABA delivery rate ([ABA] x transpirational flow rate), however, was the 312 
same for control, 25 and 50 M Al treatments, and it decreased by 47% in 100 M Al treatment 313 
(Fig. 6c). Thus, despite being present in xylem sap, ABA transport from roots to shoots does not 314 
seem to explain the high ABA concentration in leaves. However, ABA concentrations increased 315 
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throughout the plant in response to Al, especially in leaves, evidencing the existence of chemical 316 
signaling between Al in the roots and shoot responses, possibly explaining the low gs (Fig. 7). 317 
 318 
3.4 Aluminum concentration in plant organs  319 
As expected, Al concentration in the roots was approximately 100 times higher than that in 320 
the leaves, and it increased as Al concentration in the nutrient solution was raised. Root Al 321 
concentration was 13-, 25- and 46-fold higher in plants treated with 25, 50 and 100 M Al, 322 
respectively, when compared to the control plants (Supplementary material; Fig. S1). 323 
 324 
4. Discussion 325 
Even though Al reduced root growth and hence plant capacity to absorb water, this is 326 
unlikely to be the only factor explaining the Al-induced decrease in leaf hydration and gs (Banhos 327 
et al., 2016; Cavalheiro et al., 2020). In the present study, lower leaf water status and gs of plants 328 
exposed to high Al concentration may be associated with low Lpr (hydraulic mechanism) (Fig. 3a, 329 
b) and ABA accumulation in leaves (Fig. 5 a) (chemical mechanism), respectively. 330 
 331 
4.1 Plant growth  332 
 As expected, the root size (Fig. 1d), main root length (Fig. e), root surface area and root 333 
biomass (Table 1) decreased as Al concentration in the nutrient solution was raised. The Al 334 
concentration in root tissue also followed this response pattern (Supplementary material, Fig. 335 
S1b). The reasons why root growth is inhibited under Al presence have been investigated (Zheng 336 
& Yang 2005; Kopittke et al., 2008; 2015; Horst et al., 2010; Rao et al., 2016; Silva et al., 2019), 337 
but given the complexity of the processes involved in the root growth inhibition, the exact 338 
mechanism by which Al stunt root growth remains elusive (Singh et al., 2017).  339 
In addition, less attention is paid to the Al impacts on shoot growth since these are 340 
considered indirect/long-distance effects. On the other hand, Al may limit leaf growth by 341 
decreasing nutrient uptake (Silva et al., 2010), the biosynthesis and transport of cytokinins 342 
(Mossor-Pietraszewska, 2001) and causing low turgor (Barceló et al., 1996). While these 343 
mechanisms seem important in water-limiting environments, here Al toxicity was imposed 344 
hydroponically, yet leaf growth was still inhibited in response to increasing Al concentrations 345 
(Fig. 1a, c and Table 1). Leaf growth of Al-exposed plants was likely regulated by low leaf water 346 
status limiting leaf expansion (Fig. 1a, c) and inhibition of leaf initiation, as evidenced by the 347 
decreased leaf number as Al was raised in the nutrient solution (Table 1). Reduced leaf area and 348 
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biomass was also noted in tomato plants exposed to 50 M Al (Simon et al., 1994a). Irrespective 349 
of the mechanisms (hydraulic or chemical), plants exposed to 25 and 50 M Al reduced their leaf 350 
area proportionally to the root surface area, so that their root/leaf area ratio was similar to control 351 
plants (Fig. 1f). Therefore, below a threshold Al concentration (between 50 and 100 µM Al), Al-352 
induced root growth restriction was “compensated” by a low leaf area, although the coordinating 353 
mechanisms are unclear. Although leaf length was reduced from 5 DAT (Fig. 1a, c) and gs 354 
decreased from 3 DAT (Fig. 2a), such compensation may not be sufficient to maintain leaf 355 
hydration to keep stomata open. 356 
 357 
4.2 Hydraulic mechanism  358 
All Al treatments reduced leaf in comparison with control plants (Fig. 4a), suggesting that 359 
Al exposure impaired root-to-shoot water transport, lowering shoot water status. Increasing Al 360 
concentration in the nutrient solution decreased Lpr (Fig. 3a, b) and Eplant (Fig. 6a), perhaps due to 361 
less developed and smaller protoxylem vessels or even structural damage in the vascular cylinder 362 
as observed in maize plants exposed to 300 M Al (Batista et al., 2013). Low gene expression of 363 
aquaporins (partially responsible for water transport) was also observed in Secale cereale (Milla et 364 
al. 2002), Arabidopsis (Shen et al., 2008) and Citrus limonia (Cavalheiro et al. 2020) exposed to 365 
Al. As far as we are aware, the Al-induced decrease in Lpr was only measured in maize (Gunsé et 366 
al., 1997), although this study did not assess gs, nor associated both parameters. However, the 367 
difficulty about Lpr measurement can be related to the expectation of normalized data per unit root 368 
area (m²) or root biomass (g), as usually calculated in studies of plant water deficit (Rodríguez-369 
Gamir et al., 2015; Ding et al., 2019). But unlike plants exposed to Al, in which the root system 370 
does not grow (Delhaize & Ryan 1995; Kopittke et al, 2008; Horst et al, 2010; Fig. 1d, e) and the 371 
roots are anatomically damaged (Batista et al., 2013; Banhos et al., 2016; Silva et al., 2019), roots 372 
of plants under water deficiency grow significantly more, including the involvement of ABA 373 
(Saab et al., 1990) and are not anatomically damaged. In addition, in water deficiency studies, 374 
water availability is limited in the substrate/soil, whereas plants tested in Al toxicity studies are, 375 
usually, grown directly in nutrient solutions, where water availability is unlimited, like in the 376 
present study. Thus, in studies with Al toxicity, when Lpr is normalized by any root parameter, 377 
which is significantly lower in relation to plants not exposed to Al, Lpr will result in higher and 378 
not lower values for plants exposed to Al (Supplementary material, Fig. S2), which does not make 379 
any physiological sense because higher Lpr in plants exposed to high Al concentration would have 380 
to directly correlate with increased leaf water status, what did not happen in the present study. For 381 
 13 
instance, gs values of plants exposed to Al showed inversely proportional correlation with leaf, 382 
while exhibiting a direct proportional correlation with Lpr (non-normalized data) and A (Table 2), 383 
corroborating, indeed, that A is controlled by gs in plants exposed to Al, as observed by other 384 
studies (Ribeiro et al., 2013; Banhos et al., 2016; Cavalheiro et al., 2020). Furthermore, absolute 385 
Lpr (non-normalized data) is valid, and is an important tool to understand the root capacity to 386 
transport water (Dodd & Diatloff, 2016), especially under non-limiting conditions (Jackson et al., 387 
1996).  388 
 389 
4.3 Chemical mechanisms 390 
Whether rapid root ABA accumulation in response to Al (within 3 h in rice bean – Fan et 391 
al. 2019) changes shoot physiology is of interest, since 50 M Al increased [ABA] in both roots 392 
and leaves of soybean plants (Hou et al. 2019). Moreover, these plant species showed fast ABA 393 
transport, measured with [3H]-ABA radioisotope technique (Hou et al., 2010), suggesting that Al 394 
may induce root-to-shoot ABA signaling. Since ABA delivery rate, in the present study, was the 395 
same between plants exposed to 0, 25 and 50 µM Al (the increase in [X-ABA]root at 50 µM Al 396 
(Fig. 6b) was offset by decreased sap flow rate (Fig. 6a)), it is difficult to argue that foliar ABA 397 
accumulation (Fig. 5a) was due to root-to-shoot ABA signaling. That is, even though [ABA]root 398 
was increased with the raise of Al in the nutrient solution (Fig. 5b), the decrease in sap flow rate 399 
seemed to be more important. While studies investigating leaf ABA accumulation in plants 400 
exposed to Al are rare, reciprocal grafting studies with wild-type and ABA-deficient tomato plants 401 
show limited impacts of rootstock ABA status on foliar ABA accumulation under different 402 
edaphic stresses (Li et al. 2018). Thus, foliar ABA accumulation in response to increasing Al 403 
concentration in the root zone was likely determined by foliar ABA biosynthesis, and seemed 404 
sufficient to induce stomatal closure due to inversely proportional correlation between gs and 405 
[ABA]leaf in plants exposed to Al (Table 2). 406 
However, increased ABA concentration in roots reduced proton pumping (from symplast 407 
to apoplast) of the plasma membrane of squash (Ahn et al., 2002) and Arabdopsis (Brault et al., 408 
2004) exposed to Al. This may be related to Al increasing root xylem sap pH from 6.5 to 7.2 (Fig. 409 
4b). Similar pH values (6.3 to 7.2) were found in root xylem sap from water-stressed Phaseolus 410 
vulgaris plants (Hartung & Radin, 1989). Increased xylem sap pH decreases stomatal aperture in 411 
an ABA-dependent manner, most probably by increasing ABA concentration in the apoplast 412 
(Wilkinson & Davies, 1997). Thus, as Al impairs proton pumps (Ahn et al., 2002, Brault et al., 413 
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2004), the apoplast (xylem sap) becomes less acid, which would maintain ABA as ABA-, keeping 414 
it in the apoplast and limiting its sequestration by mesophyll cells. 415 
 416 
5. Conclusion 417 
 In conclusion, even when plants are grown in nutrient solution, where water is constantly 418 
available, Al toxicity decreases water transport from roots to the leaves as evidenced by low 419 
values of gs, leaf and Lpr. While root/leaf area ratio was maintained when plants were exposed to 420 
0, 25 and 50 M Al, leaf hydration was compromised and foliar ABA accumulation was 421 
correlated with stomatal closure in a concentration-dependent manner. Al appears not to enhance 422 
root-to-shoot ABA signaling but leaf ABA is likely the major cause of Al-induced stomatal 423 
closure. 424 
 425 
Author contributions 426 
MAG and GH raised the hypothesis; MAG, ICD and GH developed the experimental 427 
design, MAG proceeded the experiment and collected the data, GSS gave assistance to all data 428 
analysis; JP measured ABA and helped to interpret these data; MAG, GH and ICD wrote the 429 
manuscript; all the authors made significant contributions to the manuscript revision.  430 
 431 
Acknowledgements 432 
We thank the Babraham Institute (Cambridge, UK) for providing us with the monoclonal 433 
antibody AFRC MAC 252. We thank Matheus Armelin Nogueira for drawing the graphic art (Fig. 434 
7). 435 
 436 
Funding sources 437 
This work was supported by the São Paulo Research Foundation (Fapesp) [grant numbers 438 
2015/25409-4, 2018/08902-7, 2018/25658-2] and the Brazilian National Council for Scientific and 439 
Technological Development (CNPq) [grant number 309149/2017-7]. 440 
 441 








Ahn, S.J., Sivaguru, M., Chung, G.C., Rengel, Z., Matsumoto H., 2002. Aluminium-induced growth 449 
inhibition is associated with impaired efflux and influx of H+ across the plasma membrane in root apices of 450 
squash (Cucurbita pepo). J. Exp. Bot. 53, 1959–1966. 451 
 452 
Anjum, S.A., Ashraf, U., Khan, I., Tanveer, M., Saleem, M.F., Wang L., 2016. Aluminum and chromium 453 
toxicity in maize: implications for agronomic attributes, net photosynthesis, physio-biochemical 454 
oscillations, and metal accumulation in different plant parts. Water Air Soil Pollut. 227, 326.  455 
 456 
Banhos, O.F.A.A., Carvalho, B.M.O., Veiga, E.B., Bressan, A.C.G., Tanaka, F.A.O., Habermann, G., 457 
2016. Aluminum-induced decrease in CO2 assimilation in ‘Rangpur’ lime is associated with low stomatal 458 
conductance rather than low photochemical performances. Sci. Hortic. 205, 133-140. 459 
 460 
Barceló, J., Poschenrieder, C., Vázquez, M.D., Gunzé B., 1996. Aluminum phytotixicity. Fertil. Res. 43, 461 
217- 223. 462 
 463 
Barone, A., Chiusano, M.L., Ercolano, M.R., Giuliano, G., Grandillo, S., Frusciante, L., 2008. Structural 464 
and functional genomics of tomato. Int. J. Plant Genom. 2008, 820274. 465 
 466 
Batista, M.F., Moscheta, I.S., Bonato, C.M., Batista, M.A., Almeida, O.J.G., Inoue, T.T., 2013. Aluminum 467 
in corn plants: influence on growth and morpho-anatomy of root and leaf. Rev. Bras. Cienc. Solo 37, 177-468 
187.  469 
 470 
Brault, M., Amiar, Z., Pennarun, A-M., Monetiez, M., Zhang, Z., Cornel, D., Dellis, O., Knight, H., 471 
Bouteau, F., Rona, J-P., 2004. Plasma membrane depolarization induced by abscisic acid in Arabidopsis 472 
suspension cells involves reduction of proton pumping in addition to anion channel activation, which are 473 
both Ca2+ dependent. Plant Physiol. 135, 231. 474 
 475 
Cavalheiro, M.F., Gavassi, M.A., Silva, G.S., Nogueira, M.A., Silva, C.M.S., Domingues, D.S., 476 
Habermann G., 2020. Low root PIP1-1 and PIP2 aquaporins expression could be related to reduced 477 
hydration in ‘Rangpur’ lime plants exposed to aluminum. Funct. Plant Biol. 47, 112-121. 478 
 479 
Clark, R.B., 1975. Characterization of phosphatase of intact maize roots. J. Agr. Food Chem. 23, 458–460. 480 
 481 
Delhaize, E., Ryan, P.R., 1995. Aluminum toxicity and tolerance in plants. Plant Physiol. 107, 315–321. 482 
 483 
Dodd, I.C., 2005. Root-to-shoot signalling: assessing the roles of ‘up’ in the up and down world of long-484 
distance signalling in planta. Plant Soil 274, 251–270. 485 
 486 
Dodd, I.C., Diatloff, E., 2016. Enhanced root growth of the brb (bald root barley) mutant in drying soil 487 
allows similar shoot physiological responses to soil water deficit as wild-type plants. Funct. Plant Biol. 43, 488 
199-206. 489 
 490 
Else, M.A., Taylor, J.M., Atkinson, C.J., 2006. Anti-transpirant activity in xylem sap from flooded tomato 491 
(Lycopersicon esculentum Mill.) plants is not due to pH-mediated redistributions of root- or shoot-sourced 492 
ABA. J. Exp. Bot. 57, 3349-3357. 493 
 494 
Fan, W., Xu, J.M., Wu, P., Yang, Z.X., Lou, H.Q., Chen, W.W., Jin, J.F., Zheng, J.Z., Yang, J.L., 2019. 495 
Alleviation by abscisic acid of Al toxicity in rice bean is not associated with citrate efflux but depends on 496 
ABI5-mediated signal transduction pathways. J. Integr. Plant Biol. 61, 140-154. 497 
 498 
George, E., Horst, W.J., Neumann, E., 2012. Adaptation of plants to adverse chemical soil conditions. In: 499 
Marschner, P. (Ed), Marschner’s mineral nutrition of higher plants. Elsevier, Amsterdam, pp. 409-472. 500 
 16 
 501 
Gunsé, B., Poschenrieder, C., Barceló, J., 1997. Water transport properties of roots and root cortical cells in 502 
proton- and Al-stressed maize varieties. Plant Physiol. 113, 595–602.  503 
 504 
Havlin, J.L., Soltanpour, P.N., 1980. A nitric acid plant tissue digest method for use with inductively 505 
coupled plasma spectrometry. Commun. Soil Sci. Plant Anal. 11, 969-980. 506 
 507 
He, H., Li, Y., He, L-F., 2019. Aluminum toxicity and tolerance in Solanaceae plants. S. Afr. J. Bot. 123, 508 
23–29. 509 
 510 
Horst, W.J., Wang, Y., Eticha, D., 2010. The role of the root apoplast in aluminium-induced inhibition of 511 
root elongation and in aluminium resistance of plants: a review. Ann. Bot. 106, 187–197. 512 
 513 
Hou, N., You, J., Pang, J., Xu, M., Chen, G., Yang, Z., 2010. The accumulation and transport of abscisic 514 
acid in soybean (Glycine max L.) under aluminum stress. Plant Soil 330, 127–137. 515 
 516 
Huber, A.E., Melcher, P.J., Piñeros, M.A., Setter, T.L., Baueler, T.L., 2019. Signal coordination before, 517 
during and after stomatal closure in response to drought stress. New Phytol. 224, 675–688. 518 
 519 
Jackson, M.B., Davies, W.J., Else, M.A., 1996. Pressure-Flow Relationships, Xylem Solutes and Root 520 
hydraulic conductance in Flooded Tomato Plants. Ann. Bot. 77, 17-24. 521 
 522 
Javot, H., Maurel, C., 2002. The role of aquaporins in root water uptake. Ann. Bot. 90, 301-313. 523 
 524 
Kasai, M., Sasaki, M., Tanakamaru, S., Yamamoto, Y., Matsumoto, H., 1993. Possible involvement of 525 
abscisic acid in activities of two vacuular H+-pumps in barley roots under aluminum stress. Plant Cell 526 
Physiol. 34, 1335–1338. 527 
 528 
Kochian, L.V., Hoekenga, O.A., Piňeros, M.A., 2004. How do crop plants tolerate acid soils? Mechanisms 529 
of aluminum tolerance and phosphorous efficiency. Annu. Rev. Plant Biol. 55, 459–493. 530 
 531 
Kochian, L.V., Piñeros, M.A., Liu, J., Magalhaes, J.V., 2015. Plant adaptation to acid soils: the molecular 532 
basis for crop aluminum resistance. Annu. Rev. Plant Biol. 66, 571–598. 533 
 534 
Konrad, M.L.F., Silva, J.A.B., Furlani, P.R., Machado, E.C., 2005. Trocas gasosas e fluorescencia da 535 
clorofila em seis cultivares de cafeeiro sob estresse de aluminio. Bragantia 64, 339–347. 536 
 537 
Kopittke, P.M., Blamey, F.P.C., Menzies, N.W., 2008. Toxicities of Al, Cu, and La include ruptures to 538 
rhizodermal and root cortical cells of cowpea. Plant Soil 303, 217-227. 539 
 540 
Kopittke, P.M., Moore, K.L., Lombi, E., Gianoncelli, A., Ferguson, B.J., Blamey, F.P.C., Menzies, N.W., 541 
Nicholson, T.M., McKenna, B.A., Wang, P., Gresshoff, P.M., Kourousias, G., Webb, R.L., Green, K., 542 
Tollenaere, A., 2015. Identification of the primary lesion of toxic aluminum in plant roots. Plant Physiol. 543 
167, 1402-1411. 544 
 545 
Li, W., de Ollas, C., Dodd, I.C., 2018. Long-distance ABA transport can mediate distal tissue responses by 546 
affecting local ABA concentrations. J. Integr. Plant Biol. 60, 16-33. 547 
 548 
Maron, L.G., Kirst, M., Mao, C., Milner, M.J., Menossi, M., Kochian, L.V., 2008. Transcriptional profiling 549 
of aluminum toxicity and tolerance responses in maize roots. New Phytol. 179, 116–128. 550 
 551 
Milla, M.A., Butler, E., Huete, A.R., Wilson, C.F., Anderson, O., Gustafson, J.P., 2002. Expressed 552 
sequence tag-based gene expression analysis under aluminum stress in rye. Plant Physiol. 130, 1706–1716. 553 
 554 
 17 
Mossor-Pietraszewska, T., 2001. Effect of aluminium on plant growth and metabolism. Acta Biochim. Pol. 555 
48, 673-686.  556 
 557 
Puértolas, J., Conesa, M.R., Ballester, C., Dodd, I.C., 2015. Local root abscisic acid (ABA) accumulation 558 
depends on the spatial distribution of soil moisture in potato: implications for ABA signalling under 559 
heterogeneous soil drying. J. Exp. Bot. 66, 2325–2334. 560 
 561 
Quarrie, S.A., Whitford, P.N., Appleford, N.E.J., Wang, T.L., Cook, S.K., Henson, I.E., Loveys, B.R., 562 
1988. A monoclonal-antibody to (S)-abscisic acid: its characterization and use in a radioimmunoassay for 563 
measuring abscisicacid in crude extracts of cereal and lupin leaves. Planta 173, 330–339. 564 
 565 
Rao, I.M., Miles, J.W., Beebe, S.E., Horst, W.J., 2016. Root adaptations to soils with low fertility and 566 
aluminum toxicity. Ann. Bot. 118, 583-605. 567 
 568 
Ribeiro, M.A.Q., Almeida. A.F., Mielke, M.S., Gomes, F.P., Pires, M.V., Baligar, V.C., 2013. Aluminum 569 
effects on growth, photosynthesis and mineral nutrition of cacao genotypes. J. Plant Nutr. 36, 1161-1179.  570 
 571 
Sade, H., Meriga, B., Surapu, V., Gadi, J., Sunita, M.S.L., Suravajhala, P., Kishor, P.B.K. 2016. Toxicity 572 
and tolerance of aluminum in plants: tailoring plants to suit to acid soils. Biometals 29, 187-210. 573 
 574 
Sant’Ana, D.V.P., Lefsrud M., 2018. Tomato proteomics: Tomato as a model for crop proteomics. Sci.  575 
Hortic. 239, 224-233. 576 
 577 
Schachtman, D.P., Goodger, J.Q.D., 2008. Chemical root to shoot signaling under drought. Trends Plant 578 
Sci. 13, 281–287. 579 
 580 
Shabala, S., White, R.G., Djordjevic, M.A., Ruan, Y.L., Mathesius,  U., 2016. Root-to-shoot signalling: 581 
Integration of diverse molecules, pathways and functions. Funct. Plant Biol. 43, 87–104. 582 
 583 
Shen, H., Ligaba, A., Yamaguchi, M., Osawa, H., Shibata, K., Matsumoto, H., 2004. Effect of K-252a and 584 
abscisic acid on the efflux of citrate from soybean roots. J. Exp. Bot. 55, 663–671. 585 
 586 
Shen, H., Hou, N.Y., Schlicht, M., Wan, Y.L., Mancuso, S., Baluska, F., 2008. Aluminium toxicity targets 587 
PIN2 in Arabidopsis root apices: Effects on PIN2 endocytosis, vesicular recycling, and polar auxin 588 
transport. Chinese Sci Bull, 53, 2480–2487. 589 
 590 
Siecinska, J., Wiacek, D., Przysucha, B., Nosalwicz, A., 2019. Drought in acid soil increases aluminum 591 
toxicity especially of the Al-sensitive wheat. Environ. Exp. Bot. 165, 185–195. 592 
 593 
Silva, S., Pinto-Carnide, O., Martins-Lopes, P., Matos, M., Guedes-Pinto, H., Santos, C., 2010. Differential 594 
Aluminium Changes on Nutrient Accumulation and Root Differentiation in an Al Sensitive vs. Tolerant 595 
Wheat. Environ. Exp. Bot. 68, 91-98. 596 
 597 
Silva, S., Pinto, G., Dias, M.C., Correira, C.M., Moutinho-Pereira, J., Pinto-Carnide, O., Santos C., 2012. 598 
Aluminum long-term stress differently affects photosynthesis in rye genotypes. Plant Physiol Biochem. 54, 599 
105-112. 600 
 601 
Silva, G.S., Gavassi, M.A., Nogueira, M.A., Habermann, G., 2018. Aluminum prevents stomatal 602 
conductance from responding to vapor pressure deficit in Citrus limonia. Environ. Exp. Bot. 155, 662–671. 603 
 604 
Silva, C.M.S., Cavalheiro, M.F., Bressan, A.C.G., Carvalho, B.M.O., Banhos, O.F.A.A., Purgatto, E., 605 
Harakava, R., Tanaka, F.A.O., Habermann, G., 2019. Aluminum-induced high IAA concentration may 606 
explain the Al susceptibility in Citrus limonia. Plant Growth Regul. 87, 123–137. 607 
 608 
 18 
Simon, L., Smalley, T.J., Jones Jr., J.B., Lasseigne, F.T., 1994a. Aluminum toxicity in tomato. Part 1. 609 
Growth and mineral nutrition. J. Plant Nutr. 17, 293-306. 610 
 611 
Simon, L., Kieger, M., Sung, S.S., Smalley, T.J., 1994b. Aluminum toxicity in tomato. Part 2. Leaf gas 612 
exchange, chlorophyll content, and invertase activity. J. Plant Nutr. 17, 307–317. 613 
 614 
Singh, S., Tripathi, D.K., Singh, S., Sharma, S., Dubey, N.K., Chauhan, D.K., Vaculík, M., 2017. Toxicity 615 
of aluminium on various levels of plant cells and organism: A review. Environ. Exp. Bot. 137, 177–193. 616 
 617 
Sperry, J.S., Venturas, M.D., Anderegg, W.R.L., Mencuccini, M., Mackay, D.S., Wang, Y., Love, D.M., 618 
2017. Predicting stomatal responses to the environment from the optimization of photosynthetic gain and 619 
hydraulic cost. Plant Cell Environ. 40, 816–830. 620 
 621 
Villa, F., Alvarenga, A.A., Pasqual, M., Cançado, G.M.A., Assis, F.A., Assis, G.A., 2009. Fenotipical 622 
selection of grapevine rootstock grapevine for aluminum tolerance cultivated in nutrition solution. Cienc. 623 
Tec. Vitivinic. 24, 25-32. 624 
 625 
Vitorello, V.A., Capaldi, F.R., Stefanuto, V.A., 2005. Recent advances in aluminium toxicity and resistance 626 
in higher plants. Braz. J. Plant Physiol. 17, 129–143. 627 
 628 
von Uexküll, H.R., Mutert, E., 1995. Global extent, development and economic impact of acid soils. Plant 629 
Soil 171, 1-15. 630 
 631 
Wang, H., Zhang, Y., Hou, J., Liu, W., Huang, J., Liang, W., 2019. Nitric oxide mediates aluminum-632 
induced citrate secretion through regulating the metabolism and transport of citrate in soybean roots. Plant 633 
Soil 435, 127–142. 634 
 635 
Wilkinson, S., Davies, W.J., 1997. Xylem sap pH increase: a drought signal received at the apoplastic face 636 
of the guard cell that lnvolves the suppression of saturable abscisic acid uptake by the epidermal symplast. 637 
Plant Physiol. 11, 559-573. 638 
 639 
Yang, Z.B., Eticha, D., Albacete, A., Rao, I.M., Roitsch, T., Horst, W.J., 2012. Physiological and 640 
molecular analysis of the interaction between aluminium toxicity and drought stress in common bean 641 
(Phaseolus vulgaris). J. Exp. Bot. 63, 3109–3125. 642 
 643 
Yang, Z., Rao, I.M., Horst, W.J., 2013. Interaction of aluminium and drought stress on root growth and 644 
crop yield on acid soils. Plant Soil 372, 3–25. 645 
 646 
Zhang, J.H., Jia, W.S., Yang, J.C., Ismail, A.M., 2006. Role of ABA in integrating plant responses to 647 
drought and salt stresses. Field Crops Res. 97, 111–119. 648 
 649 
Zheng, S.J., Yang J.L., 2005. Target sites of aluminum phytotoxicity. Biol. Plant. 49, 321-331. 650 
 651 
Zhou, S., Sauvé, R., Thannhauser, T.W., 2009. Proteome changes induced by aluminium stress in tomato 652 
roots. J. Exp. Bot. 60, 1849–1857. 653 
 654 




Table 1. Biometric parameters of tomato plants (Solanum lycopersicum) cultivated for 10 days in 658 
nutrient solution containing 0, 25, 50 and 100 μM of aluminum.  659 
For each variable (column), distinct letters indicate significant differences (P < 0.05) between Al treatments. 660 
 661 
Table 2. Pearson correlations between individual values of parameters obtained from plants exposed to 662 
aluminum treatments. 663 





-0.817 -0.700 -0.838 0.932 0.855 
0.00116 0.0112 0.000668 0.000009997 0.000392 
For each variable, the first line represents the correlation coefficient (R²) and the second line, the 664 
P-value. For abbreviations of parameters (gs, [ABA]leaf, leaf, xylem sap pH, Lpr and A) see ‘Material 665 









































area  (cm²) 
Root 
biomass (g) 
0 7.5 ± 0.3 a 464.5 ± 17.4 a 1.75 ± 0.09 a 0.35 ± 0.02 b 580.4 ± 11.2 a 0.21 ± 0.01 a 
25 6.0 ± 0.1 b 287.1 ± 16.4 b 1.11 ± 0.05 b 0.45 ± 0.01 a 358.8 ± 5.7 b 0.15 ± 0.01 b 
50 5.5 ± 0.3 bc 139.9 ± 8.0 c 0.73 ± 0.03 c 0.49 ± 0.01 a 135.2 ± 3.3 c 0.10 ± 0.02 b 
100 5.0 ± 0.1 c 82.2 ± 4.1 c 0.64 ± 0.04 c 0.45 ± 0.01 a 44.8 ± 2.5 d 0.04 ± 0.01 c 
 20 
Figure legends 694 
 695 
Fig 1. Accumulated leaf length (A), terminal leaflet length (C), main root length (E) of tomato 696 
plants (Solanum lycopersicum) grown for 10 days in nutrient solution containing 0, 25, 50 and 100 697 
μM of aluminum. Morphological details of shoots and leaves (B) and roots (D) of the plants.  698 
Relationship between leaf area and root area (F). Distinct lowercase letters indicate significant 699 
differences (P < 0.05) between Al treatments on each evaluation date. Dots are mean values (n = 700 
10 plants for A, C, E and 5 plants for F). Bars are standard errors. Ellipses indicate statistically 701 
similar treatments.  702 
 703 
Fig 2. Stomatal conductance (gs) and CO2 assimilation rate (A) of tomato plants (Solanum 704 
lycopersicum) grown for 10 days in nutrient solution containing 0, 25, 50 and 100 μM of 705 
aluminum. Distinct letters indicate significant differences (P < 0.05) between Al treatments on 706 
each evaluation date. Dots and columns are mean values (n = 10 plants) and bars are standard 707 
errors. Ellipses indicate statistically similar treatments. 708 
 709 
Fig 3. Relationship between xylem sap flow rate (J) and applied pressure (MPa) (A) of tomato 710 
roots (Solanum lycopersicum) grown for 10 days in nutrient solution containing 0, 25, 50 and 100 711 
μM of aluminum. The slopes of the linear regression lines indicate the root hydraulic conductance 712 
(Lpr) (B). Distinct letters indicate significant differences (P < 0.05) between Al treatments. Dots 713 
and columns are mean values (n = 5 plants) and bars are standard errors.  714 
 715 
Fig 4. Leaf water potential (leaf) (A) and root xylem sap pH (B) of tomato plants (Solanum 716 
lycopersicum) grown for 10 days in nutrient solution containing 0, 25, 50 and 100 μM of 717 
aluminum. Distinct letters indicate significant differences (P < 0.05) between Al treatments. 718 
Columns are mean values (n = 5 plants) and bars are standard errors.  719 
 720 
Fig 5. Abscisic acid (ABA) concentration in leaves ([ABA]leaf) (A) and roots ([ABA]root) (B) of 721 
tomato plants (Solanum lycopersicum) grown for 10 days in nutrient solution containing 0, 25, 50 722 
and 100 μM of aluminum. Distinct letters indicate significant differences (P < 0.05) between Al 723 
treatments. Columns are mean values (n = 5 plants) and bars are standard errors.  724 
 725 
Fig 6. Whole-plant transpiration (Eplant) (A), root xylem sap ABA concentration ([X-ABA]root) (B) 726 
and ABA delivery rate from root-to-shoot (C) of tomato plants (Solanum lycopersicum) grown for 727 
 21 
10 days in nutrient solution containing 0, 25, 50 and 100 μM of aluminum. Distinct letters indicate 728 
significant differences (P < 0.05) between Al treatments. Columns are mean values (n = 5 plants) 729 
and bars are standard errors.  730 
 731 
Figure. 7 Model of plant hydraulics and abscisic acid (ABA) impacts on stomatal conductance of 732 
tomato plants (Solanum lycopersicum) exposed to Al toxicity (on the right). Lines ending in 733 
arrowheads indicate a positive impact, while lines ending in a bar indicate negative impacts. 734 
Dashed lines indicate a suggested effect.  735 
 736 
Appendix A. Supplementary data 737 
Additional supporting information may be found in the online version of this article. 738 
 739 
Fig. S1 Aluminum concentration in leaves (Leaf [Al]) (A) and roots (Root [Al]) (B) of tomato 740 
plants (Solanum lycopersicum) grown for 10 days in nutrient solution containing 0, 25, 50 and 100 741 
μM of aluminum. Distinct letters indicate significant differences (P < 0.05) between Al treatments. 742 
Columns are mean values (n = 5 plants) and bars are standard errors. 743 
 744 
Fig. S2 Relationship between xylem sap flow rate (J) and applied pressures (MPa) normalized by 745 
root surface area (cm²) (A) of tomato roots (Solanum lycopersicum) grown for 10 days in nutrient 746 
solution containing 0, 25, 50 and 100 μM of aluminum. The slopes of the linear regression lines 747 
when normalized by root surface area (cm²) indicate the root hydraulic conductivity (Kr) (B). 748 
Distinct letters indicate significant differences (P < 0.05) between Al treatments. Dots and 749 
columns are mean values (n = 5 plants) and bars are standard errors.  750 
 751 
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